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Electrophoretic studies have revealed the existence of multiple 
forms of acid phosphatase in the ci l iate Tetrahymena pyriformis (1).  
Because the variety of structures that  exhibit  acid phosphatase 
activity at  the ultrastructure level in this organism (27),  studies 
were made on the intracellular localization of these enzymes to 
determine whether specific acid phosphatases were associated with 
specific organelles.  
Three bands of acid phosphatase were resolved using cellulose 
polyacetate electrophoresis.  Differential  centrifugation of 
homogenates prepared in 0.33 M sucrose revealed two bands of acid 
phosphatase in particles sedimenting at  5,000 x g for 30 minutes.  
One of these bands was present in a pellet  obtained after 
centrifugation of the 5,000 x g supernatant at  27,000 x g for 60 
minutes.  A third dist inct  form was present only in the f inal  
supernatant.  
Discontinuous density gradient centrifugation was used to 
separate the bulk of acid phosphatase activity from the mitochondria.  
Polyacrylamide-gel disc electrophoresis showed the l ight part icle 
(lysosomal) fractions to contain eight bands of acid phosphatase.  
Upon init ial  isolation,  the mitochondrial  fractions contained three 
bands of acid phosphatase.  When these fractions were subjected to 
cycles of hypotonic shock, relayering,  and recentrifugation,  only 
a single band of acid phosphatase remained, and this was 




Kinetic studies of the acid phosphatases were carried out on 
al l  of the fractions obtained by discontinuous density gradient 
centrifugation.  The pH activity curves were broad with a maximal 
activity between 4.0 and 4.5.  The enzymes of the l ight part icle 
("lysosomal") fractions showed a pH optimum of 4.5,  while those of 
the mitochondria displayed a maximum activity at  4.0.  Michaelis  
constants and inhibitor studies of the fractions indicated that  
they were similar with regard to substrate affinity and f luoride 
sensit ivity.  There were quanti tat ive differences in the rate 
of hydrolysis of various substrates.  Beta-glycerophosphate,  alpha-
naphthol acid phosphate and p-nitrophenyl phosphate were at tached at  
higher rates than glucose-1-phosphate and fructose-1 ,6-diphosphate.  
Slower rates were observed with lecithin,  cenhalin,  and phosphoryl 
choline chloride.  
Thus,  our studies show that  fractions isolated by discontinuous 
density gradient centrifugation of Tetrahvmena homopenates have 
similar Kinetic properties even though they differ electro-
phoreticallv.  The data obtained in this study also seem to 
suggest  the possibil i ty that  the mitochondria may contain an 
electrophoretic unique band of acid phosphatase.  
INTRODUCTION 
The intracellular localization of acid hydrolases was first 
studied by de Duve et aK (14). These enzymes were primarily 
associated with the particulate fraction of a rat liver homogenate. 
Studies on the particulate fraction eventually led to the biochemical 
concept of the lysosome. Subsequent work has shown this organelle to 
function in intracellular degradation and digestive processes. 
Fvidence suggests that lysosomes exist in a variety of forms: 
enzymatic vesicles, phagosomes or digestive vacuoles, autophagic 
vacuoles (cytolysomes), and residual bodies. Morphologically they 
appear as single or double-membrane-bound particles (8) performing 
functions of central importance in cell physiology and pathology. 
Indications are that these entities are found in all types of 
animal cells (8,11) and possibly in plant cells (23,.*56). 
Although the presence of these particles in animal cells appears 
to be universal, they do not seem to be homogeneous in character, 
de Duve (11) and more recently Rahman et al. (33) showed that 
lysosomes are characterized by a considerable degree of heterogeneity 
with respect to biochemical composition and physical properties. It 
is also evident by examination of electron micrographs that these 
organelles display a significant amount of polymorphism due to 
variations in content and in stages of digestion. 
Lysosomes have been shown to vary considerably with 
physiochemical changes of the cell. It has been theorized that 
many disease processes, especially the inflammatory type, involve 
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situations in which the ultimate rupture of the lysosomal membrane 
leads to some form of cell damage (20) . Herrs (21) has also shown 
that one of the forms of glycogen storage disease is characterized 
by the selective lack of lysosomal alpha-glucosidase which is able 
to attack glycogen, de Duve (15) has also suggested that the 
phenomenon of aging probably reflects the relative deficiency of 
lipolytic enzymes in lysosomes. 
Of the many hydrolytic and degradative enzymes present in the 
cell, much work has been centered on acid phosphatase. This enzyme 
has been widely used as a marker enzyme in both biochemical and 
morphological studies on lysosomes. There is considerable evidence 
that several molecular forms of this enzyme'are present within the 
cell. Goodlad and Mills (20), using rat liver homogenates, have 
shown the presence of two non-specific acid phosphatases which 
differed in ph optima and response to inhibitors. Shibko and 
Tappel (35) demonstrated the presence of a bound and a soluble 
form of rat liver acid phosphatase each with similar pH optima and 
Michaelis constants; but differing in response to inhibitors. Moore 
and Angeletti (30), using DEAE-cellulose chromatography have 
separated rat liver acid phosphatase into three major and one minor 
fraction. Chromatographic similarities divided these into two pairs, 
each with variant kinetic properties. Barka (4,5) used DEAE-cellulose 
chromatography and polyacrylamide-gel electrophoresis to distinguish 
three isoenzymes of acid phosphatase in lysates of human 
erythrocytes. The three forms differed significantly as to kinetic 
properties. Multiple forms of acid phosphatase have also been 
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reported in bacteria (22) and in many types of protozoa (6). 
The ciliated protozoa Tetrahymena pyriformis is a convenient 
organism for biochemical experimentation. Tetrahymena has high 
levels of acid hydrolases as compared with mammalian tissues (31), 
and these have been studied by several workers. Lazarus and 
Scherbaum (26) noted that Tetrahymena contains two major classes 
of enzymes which hydrolyze phosphate ester bonds - phosphodiesterases 
and non-specific phosphomonoesterases. Conner and MacDonald (9) 
reported the presence of both a soluble and a particulate acid 
phosphatase in Tetrahymena. Klaraer and Fennell (25) studied 
Tetrahymena grown under various conditions. The physiological 
state of the culture had a pronounced effect on the acid phosphatase 
activity of the cells. The activity of these enzymes was found to 
increase during unfavorable conditions and with increasing culture 
age. Levy and Elliott (27) showed that the total acid phosphatase 
in Tetrahymena decreased significantly when cells were subjected to 
starvation. Ultrastructural studies revealed that many degenerating 
mitochondria and other structures stained positively for acid 
phosphatase. Elliott and Bak (16) studied Tetrahymena in stationary 
phase and also found acid phosphatase to be associated with 
degenerating mitochondria. Levy ejt al_. (28) studied the effects of 
hyperthermia on Tetrahymena. Electron micrographs revealed gross 
lesions in many different organelles, some of which stained positive 
for acid phosphatase. It was also apparent from biochemical studies 
that the localization of the acid phosphatases was unaffected. 
Activity in the soluble fraction did not increase in cells subjected 
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to temperature of 33-34° for long periods of time. 
Although Muller (31) and Levy (28) have found over 80 percent 
of the cellular acid phosphatase in Tetrahymena to be present on 
readily sedimentable particles, the true intracellular localization 
of these enzymes is not known. Ultrastructure studies on Tetrahymena 
show acid phosphatase to be associated with a variety of cellular 
structures (27). 
The existence of multiple forms of acid phosphatase in 
Tetrahymena has been shown. Klamer and Fennell (25) used starch-gel 
electrophoresis to resolve the acid phosphatases into five separate 
forms. Allen (1) showed that the acid phosphatases of Tetrahymena 
were an electrophoretically heterogeneous group of enzymes. Using 
extracts of different genotypes the acid phosphatases were separated 
into as many as seventeen different zones with starch-gel 
electrophoresis. Although the acid phosphatases are usually 
associated with lysosomes, various workers have suggested that 
individual cell organelles may contain their own acid hydrolases 
(3,38). 
In this investigation the intracellular localization of some 
of the molecular forms of acid phosphatase was studied by biochemical 
and electrophoretic methods. In particular, we wished to determine 
whether certain forms of this enzyme are specifically localized on 
certain organelles. Such a possibility was suggested by 
Van Lancker (38). 
METHODS 
Organism and growth conditions. Tetrahymena pyriformis (E) was 
grown on 1% (w/v) proteose peptone with 0.1% (w/v) liver extract and 
0.1% (w/v) KH2P04. A 1% inoculum of organisms in early stationary 
phase was used to start the experimental cultures which were then 
grown at 29° for 36-38 hours. Cultures of this age are in the early 
stationary phase of growth. 
Preparation of cells. Cells were harvested and washed as 
described elsewhere (29), except that the final rinse was in 0.33 M 
sucrose. Cells, in 0.33 M sucrose, were then homogenized at ice bath 
temperature by making 20-30 passes with a motor driven teflon-coated 
pestle in a Potter-Elvehjem homogenizing tube. 
Preparation of samples. Two particulate fractions and a 
supernatant were used for initial experiments. A large particle 
fraction was obtained by centrifuging homogenates at 5,000 x g for 
30 minutes in a Sorvall RC-2 centrifuge. The supernatant was decanted 
and saved, and the pellet was resuspended in 0.33 M sucrose and 
recentrifuged in a similar manner. A small particle fraction was 
obtained by centrifuging the combined supernatants at 27,000 x g 
for 60 minutes. The two pellet fractions and the final supernatant 
were assayed for acid phosphatase activity. 
Samples for discontinuous density gradient centrifugation 
were prepared by centrifuging the total homogenate at 27,000 x g 
for 30 minutes. The pellet was resuspended in 0.33 M sucrose and 
recentrifuged in an identical fashion. The washed pellet was 
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suspended in 0,33 M sucrose and layered over a gradient. 
Preparation of gradients. Gradients were prepared by carefully 
layering two ml aliquots of decreasing s-crose solutions in 100 x 
15 mm plastic tubes. Fig. 1A illustrates the sucrose gradient 
that produced the best separation of marker enzymes. The initial 
separations were obtained by centrifuging at 11,050 x g for 90 
minutes in a Sorvall RC-2 centrifuge. 
Assay of enzyme activity. Succinate dehydrogenase was assayed 
by the method of Redfearn and Dixon (34). Results were expressed 
as change in optical density per hour per milligram of protein. 
Acid phosphatase activity was also assayed using the following 
substrates: beta-glycerophosphate, alpha-napthyl acid phosphate, 
fructose-l,6-diphosphate, glucose-l-phosphate, phosphoryl choline 
chloride, DL-alpha cephalin, and DL-alpha lecithin. The method 
used was that of Bodansky (7). Modifications include the use of 
0.2 M acetate buffer (pH 4.9) and a substrate concentration of 2 mg 
per ml. Samples were preincubated in buffer and Triton X-100 
(C.1%, w/v) for five minutes and assayed at 29°. The phosphorus 
liberated was measured by the method of Fiske and Subbarow (18). 
Results were expressed as micrograms of phosphorus liberated per 
hour. 
Cellulose polyacetate electrophoresis. Electrophoresis was 
performed using Gelman's Sepraphore III cellulose polyacetate system 
(19). The buffer which gave maximum resolution was disodium barbital 
(pH 8.6, ionic strength 0.05) with 10""* EDTA. Triton X-100 was 
added to all homogenate samples to a final concentration of 0.1%. 
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Electrophoresis was accomplished at 200 volts and a 20 minute 
separation time. Samples were applied with a Gelman applicator. 
Polyacrylamide-gel disc electrophoresis. The technique used 
was essentially that of Davis (10). Modifications include the size 
of buffer trays (13 x 15 cm) and the use of 7 mm glass tubing. 
The working buffer system (pH 8.3) consisted of 5.0 x 10~3 tris 
(hydroxymethyl) amino methane, 3.7 x 10"2 M glycine, and 10~3 M EDTA. 
A 7.3 percent gel solution was used to separate acid phosphatase. 
The electrophoresis was performed at 100 volts for 90 minutes with 
an amperage of less than 0.6 ma per gel. Sample application was 
made either by incorporation into a sample gel or by direct 
layering over the running gel. The latter method proved to be 
superior in this particular study. 
Incubation of cellulose polyacetate strips and polyacrylamide 
gels. After electrophoresis the cellulose polyacetate strips were 
incubated for one hour in a plastic tray containing 3.5 x 7.0"3 M 
alpha-napthol acid phosphate and fast garnet GBC ( 1 mg/«l) in 
sodium acetate buffer (0.2 M, pH 4.9). The temperature of the 
incubation mixture was 29°. 
The incubation of the polyacrylamide gels was very similar to 
the polyacdtate strips. The exceptions were that the reaction was 
carried out in rubber stoppered test tubes and the incubation time 
extended to four hours. 
Photography. Polyacrylamide gels were photographed using a 
Polaroid MP-3 Land Camera and type 55P/M film. The gels were placed 
on top of a viewing box for maximum illumination. 
EXPERIMENTAL RESULTS 
In initial experiments particulate fractions were separated by 
differential centrifugation and tested for acid phosphatase activity. 
The results (Table 1) indicate that the highest specific activity 
was found in a light particle fraction (P2). This fraction contained 
less protein than either the large particle fraction (Pj) or the 
supernatant (S). The P2 pellet probably represents a partially 
purified lysosomal fraction. The Pj pellet is most likely a 
heterogeneous population consisting of mitochondria, microbodies, 
and other intracellular material. It should be noted that the 
specific activity of acid phosphatase in these experiments was 
lower than that reported by Levy (28). The composition of the 
culture media differed somewhat in these two separate studies. 
To achieve better separation of cell organelles, a discontinuous 
density gradient centrifugation scheme was developed. Fig. 2 shows 
that the lighter fractions (lysosomal) have a greater specific 
activity of acid phosphatase than the heavier fractions. The 
largest amount of acid phosphatase activity is concentrated in the 
four lightest fractions. In contrast, the bulk of the protein appears 
in the heavier fractions. The acid phosphatase in fraction nine is 
probably due to unbroken cells or debris. 
The distribution of succinate dehydrogenase in the gradient is 
illustrated in Fig. 3. This enzyme is concentrated, together with 
most of the protein, in a relatively narrow band centered in sucrose 
concentrations of 2.0-2.8 M. Succinate dehydrogenase has been 
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shown to be localized exclusively on the mitochondrion in 
Tetrahymena (32). 
Electrophoresis. It has been shown by many investigators 
that the acid phosphatases of Tetrahymena are an electrophoretically 
heterogeneous group of enzymes. In the majority of these experiments 
studies were conducted on crude cell homogenates which contained 
a mixture of cell organelles. No distinction was made as to the 
localization of the individual forms of acid phosphatase. 
In order to study the intracellular localization of these 
isozymes, cell particulates were separated first by differential 
centrifugation and, in later experiments by combined differential and 
discontinuous gradient centrifugation. Electrophoretic studies were 
conducted on all fractions obtained by these procedures. 
Cellulose polyacetate electrophoresis was performed on the 
three fractions obtained by differential centrifugation, (Fig. 4). 
Electrophoresis of the Pj pellet (5,000 x g, 30 minutes) showed 
two anodal bands of acid phosphatase - a slow moving and a faster 
moving band. Only the latter was associated with the P2 pellet 
(27,000 x g, 60 minutes). The supernatant contained a single band 
of acid phosphatase with a higher electrophoretic mobility than 
those of the other fractions. 
Polyacrylamide-gel disc electrophoresis was performed on all 
fractions from the discontinuous density gradient. The three lightest 
fractions each contained eight bands of acid phosphatase activity 
(Fig. 5, Table 2). They also exhibit the highest specific activity 
of acid phosphatase. Five bands were present in fractions four and 
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five as the three fastest bands (50 mm, 40 mra, 29 mm) were absent 
from these fractions. Fractions six and seven, which were rich in 
succinate dehydrogenase activity, lack the 25 mm band as well. Thus, 
three of the bands are apparently present in the first seven fractions. 
These correspond to a large slow migrating band 0-7 mm, a 13 mra band, 
and an 18 mm band. The slow migrating band appears to be more 
intense in fractions six and seven than in the other fractions. All 
bands in fractions eight and nine appear to be weaker in intensity. 
This agrees with the biochemical data which shows these fractions to 
have a lower specific enzyme activity. The 18 mm band is also absent 
from these two fractions. 
In the next stop of this investigation we attempted to purify 
the mitochondria in order to determine whether the bands of acid 
phosphatase in these fractions were due to contamination or were 
actually localized on this organelle. To free the mitochondrial 
fractions of contaminating lysosomes advantage was taken of the 
differences in osmotic properties between the two particles. It has 
been demonstrated that mitochondria show only a mild degree of 
swelling in a hypotonic enviornment (11,12). Lysosomes however, 
when treated in a similar manner will generally swell or burst. 
Such treatment, therefore, would be expected to remove lysosomal 
contaminants from the mitochondrial fractions. 
The fractions rich in succinate dehydrogenase were dialyzed 
against ice cold double distilled water. After treatment the 
dialysate was measured and layered over a modified gradient (Fig. IB) 
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and centrifuged at 11,050 x g for 60 minutes. 
After the fractions were separated they were assayed for acid 
phosphatase and succinate dehydrogenase activity. Figures 6A-6D 
illustrate the relative distribution of these enzymes after one and 
after two cycles, respectively, of dialysis, relayering, and 
recentrifugation. It is apparent that the majority of the succinate 
dehydrogenase returns to its original position in the gradients and 
that the distribution of acid phosphatase parallels that of succinate 
dehydrogenase. This evidence suggests the enzymes eould be localized 
on the same particle. 
The purified fractions were subjected to polyacrylamide-gel 
electrophoresis. A special effort was made to insure that equal 
activities of enzyme were relayered over the gels. Figures 7A and 
7C (Tables 3A and 3C) show results of the electrophoretic studies 
after fractions six and seven were treated to one cycle of dialysis, 
relayering, and recentrifugation. A 3 mm band was present only in the 
succinate dehydrogenase-rich fractions. A 7 mm band was present in 
both the succinate dehydrogenase-rich and the lighter fractions. The 
13 mm band which in the original gradient was present in all 
fractions was now found only in the lighter fractions. After a 
second cycle of hypotonic treatment (Figures 7B, 7D and Tables 3B, 
3D), only the 3 mm band was found in the succinate dehydrogenase-rich 
fractions. The 7 mm band was no longer detected in these fractions 
and is now found in the lighter fractions. Fig. 8 shows a second 
experiment; however, in this case, similar results were obtained 
after one cycle of dialysis, relayering and recentrifugation. 
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A question can now be asked - why was the large slow moving band 
(0-7 mm) presnt in all fractions of the initial organelle 
separation? It appears that the 0-7 mm band is actually two separate 
bands of acid phosphatase. In the relayered samples it was separated 
into a 3 mm band which was unique to the succinate dehydrogenase-rich 
fractions and a 7 mm band found in the lighter layers of the gradient. 
The appearance of this doublet as a single band of acid phosphatase 
was probably due to diffusion during the reaction process and or to 
the |sigh activity of the enzyme. Shorter incubation periods showed 
the 3 mm band to be well defined, however longer periods were 
required to bring out the 7 min band. Apparently, the presence of 
the 3 mm band in the lighter fractions was a result of contamination, 
just as the 7 mm, 13 mm, and 18 mm bands were contaminants of the 
mitochondrial-rich fractions. 
Further evidence for this was obtained when a lysosomal-rich 
fraction was relayered over a modified gradient and recentrifuged 
(11,050 x g, 60 minutes). Fig. 9 shows the results of electrophoretic 
studies on these fractions. The 3 mm band is now absent from the 
lysosomal fractions. A very intense 7 mm band of acid phosphatase 
is present in the lysosomal fractions and is very faint in the 
mitochondrial fractions. Thus, the presence of the 3 mm band in 
the lysosome and intermediate fractions (Fig. 5) was the result 
of contamination. However, since this band was not recovered in 
any of these relayered fractions, these results must be interpreted 
with caution. 
Kinetic studies. The electrophoretic results indicated the 
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presence of different multiple forms of acid phosphatase in various 
fractions. Some of the kinetic properties of these enzymes were 
compared by various methods. 
pH optima. The influence of pH on the acid phosphatases of the 
fractions is illustrated in Fig. 10. The curves appear rather broad 
with only minor variations between fractions. The optimum pH for all 
the fractions appears to be between 4.0 and 4.5. The percent of 
maximum activity was above 80 percent within this pH range. The 
curves for the soluble acid phosphatase resemble that of fraction 
one. This similarity probably reflects the presence of some soluble 
enzyme in the particulate fraction. The enzymes in the remaining 
lysosomal-rich fractions show a pH optimum 4.5. By comparison, 
acid phosphatases of the mitochondrial-rich fractions show a pH 
optimum of 4.0. 
The data presented indicate some variation in pH optima of the 
enzymes. Differences are rather minor, but they were quite 
reproducible in three successive studies. Unfortunately the pH 
optima represent an average of many enzymes. 
Determination of Michaelis constants. The effect of substrate 
concentration on the velocity of hydrolysis of PNPP was determined 
under conditions of constant pH (0.2 M acetate buffer, pH 4.9). 
The results of two experiments are shown in Table 4. It is apparent 
that there was little difference in Km values from fraction to 
fraction. 
Inhibitor effects. The effects of fluoride on acid phosphatase 
activity were compared on each of the fractions. The fluoride 
16 
concentration ranged from 5.0 x 10~5 M to 1.25 x 10"6 M. The 
reactions were carried out at pH 4.9. The acid phosphatases of each 
fraction of the gradient appear to be affected to a similar degree 
(Table 5). However, the enzyme in the soluble fraction may be 
slightly less sensitive than the bound forms. 
Substrate studies. The purpose of this experiment was to 
determine possible variations in enzyme activity towards a number 
of substrates (Table 6). Although many of the substrates were 
attacked, there were considerable differences in the rates of 
hydrolysis. Beta-glycerophosphate, alpha-napthol acid phosphate, 
and PNPP are among the most susceptible substrates, whereas 
glucose-l-phosphate and fructose-l,6-diphosphate are cleaved 
approximately one-third to one-half as fast. Much slower rates 
are observed with lecithin, cephalin and phosphoryl-choline chloride. 
The fcyrolysis of the latter three substrates is indicative of 
phospholipase activity. Table 7 illustrates an interesting 
variation with regard to the hydrolysis of cephalin. There appears 
to be from four to nine times more phospholipase activity in fraction 
one than in any of the other fractions. This activity could be 
present in a particle which was concentrated in fraction one. It 
cannot be related to soluble enzyme since the phospholipase activity 
of the supernatant is no different from the remaining fractions. 
DISCUSSION 
Most cells appear to contain multiple molecular forms of acid 
phosphatase (24). The heterogeneity of this enzyme in Tetrahymena 
pyriformis has been previously reported (1,9,25) and is clearly 
indicated in this study. 
Figures 2 and 3 indicate the separation of marker enzymes by 
discontinuous density gradient centrifugation. Most of the acid 
phosphatase activity (75 percent) was found in the first four 
fractions indicating possible localization on lighter particles. 
The bulk of the protein was recovered in the lower portion of the 
gradient. Fractions six through nine contained over 70 percent 
of the succinate dehydrogenase activity with the largest amount 
coinciding with the fractions that were richest in protein. 
Some acid phosphatase activity was found in all fractions 
obtained from the density gradients. It was thought that the 
acid phosphatase present in fractions containing mitochondria 
might be due to the presence of lysosomes. In order to remove 
possible contaminant the mitochondrial fractions were subjected 
to hypotonic shock. According to de Duve (15) when lysosomes are 
subjected to such treatment, they will generally swell and their 
equilibrium density in a sucrose gradient will decrease to a 
considerable extent, making it possible to separate them from 
mitochondria. 
Eight bands showing acid phosphatase activity were found by 
polyacrylamide-gel electrophoresis in material termed as lysosomal 
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fractions. Initially the fractions rich in the mitochondrial 
marker enzyme, succinate dehydrogenase, displayed four bands of 
acid phosphatase. These included one large, slow moving band 
which, after hypotonic shock, relayering, and recentrifugation 
appeared to be a cathodal doublet. The slower form of the doublet 
was unique to the mitochondrial fraction. Fig. 8 shows that 
oosedimentation of succinate dehydrogenase and acid phosphatase 
also occurred in the relayered fractions in which the exclusive 
form of acid phosphatase was found. 
Originally the large slow moving form of acid phosphatase 
was present in all fractions of the gradient. Figures 7A-7D 
show the 7 mm portion of the doublet to bo a contaminant of the 
mitochondria, while the 3 mm band seems to be unique to the 
mitochondrial fraction. Attempts to remove the 3 mm 
("mitochondrial") acid phosphatase from the lysosomal fractions 
gave equivocal results. Thus, while this band was absent from 
lysosomal fractions that had been relayered and recentrifuged, 
it was not recovered in any of the fractions. 
The presence of the band of acid phosphatase in the 
mitochondrial fractions seems to suggest two possibilities. 
Either this acid phosphatase is localized on the mitochondrion 
or it is present in particles which are both similar in density 
to mitochondria and resist the hypotonic treatment. It is known 
that lysosomes are very heterogeneous, are bound by either 
single or double membranes and are very susceptible to hypotonic 
conditions (8,14). If one considers these organelles to be similar 
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in density to mitochondria, then the hypotonic treatment should 
eliminate them as a possible source of the acid phosphatase in 
the succinate dehydrogenase-rich fractions. Mitochondria have 
been shown to swell only slightly in a mild hypotonic environment (8). 
It is clear from examining the photographs of the gels that some of 
the isozymes actually changed position in the gradient after dialysis, 
whereas the 3 mm band is localized in the mitochondria. However, 
since mitochondria, in the earliest stages of digestion are enclosed 
within a double-membraned structure, which can be acid phosphatase 
positive (27,28), the possibility remains that these structures 
rather than intact mitochondria are the source of these enzymes. 
The fractions from the initial gradient were subjected to 
kinetic studies. They showed only minor variations with regard to 
a variety of kinetic properties: pH optima, Michaelis constants, 
and effects of fluoride. The studies on the pH optima showed that 
all fractions exhibited maximal activity between pH 4.0 and 4.5. 
The "lysosomal" fractions displayed a maximal acid phosphatase 
activity at pH 4.5, while the mitochondrial fractions show peak 
activity at pH 4.0. All fractions show a rather broad pH curve 
with at least 80 percent of maximal acid phosphatase activity 
between pH 4.0 and 4.5. Table 5 shows the effect of fluoride on 
acid phosphatase when PNPP was used as substrate. The degree of 
inhibition was similar in all fractions. No differentiation of 
enzyme activities can be made. The Michaelis constants were 
also similar, making it impossible to demonstrate any difference 
in affinity of the isozymes towards PNPP. It is interesting that 
20 
these similarities exist since the fractions do vary considerably 
with regard to electrophoretic forms of acid phosphatase. 
The one difference observed in kinetic properties was the 
reactivity of these phosphomonoesterases for certain substrates. 
The reactivity was not of the specific isozymes but of the fractions 
as a whole. Perhaps however, these differences were duo to one or 
two of the isozymes present in these fractions. Alpha-naphthol acid 
phosphate, beta-glycerophosphate and PNPP are attacked quite 
vigorously while glucose-1-phosphate and fructose-l,6-diphosphate 
are cleaved to a lesser degree. Cephalin, lecithin, and phosphoryl 
choline chloride are hydrolyzed at slower rates. Fraction one shows 
a greater reactivity toward cephalin. Perhaps this is due to a 
phospholipase in this fraction. Enzyme from the soluble fraction 
would not account for this high activity. 
The fractions isolated showed only minor variations with regard 
to kinetic properties. It is unfortunate that these properties 
represent the average of several isozymes in each fraction. Perhaps 
however, there are differences that can be realized only when these 
enzymes are in the bound form, as they would be in vivo. 
Woodward (39) has shown that both a mutant and a wildtype malate 
dehydrogenase in Neurospora have different kinetic properties when 
bound to structural protein. However, when free of this protein they 
displayed similar kinetic properties. All the fractions assayed 
in these kinetic studies were treated with Triton X-100, thus 
presumably freeing them from structural protein. 
Thus, our studies show that fractions isolated by 
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discontinuous density gradient centrifugation of Tetrahymena 
homogenates have similar kinetic properties even though they 
differ electrophoretically. The possible presence of the unique 
form of acid phosphatase in the mitochondrial fraction is very 
interesting. Van Lancker (38) has suggested that each cell organelle 
may contain its own acid hydrolases, which can destroy the organelle 
when it becomes non-functional. If acid hydrolases are present in 
many cell components, then it might not be necessary to invoke the 
participation of primary lysosoraes to explain the presence of acid 
hydrolases in autophagic vacuoles. 
Our studies have suggested that the mitochondrion may have its 
own acid phosphatase. However, this cannot be verified until the 
purified mitochondrial fractions are examined by electron microscopy. 
Fig. 1A Diagram of a discontinuous density gradient. Two ml 
aliquots of decreasing sucrose solutions were carefully 
layered. The sucrose concentrations ranged from 0.9 M at the 
top of the gradient to 3.2 M at the bottom. 
Fig. IB Diagram of a modified discontinuous density gradient. 
One ml aliquots of decreasing sucrose solutions were carefully 
layered. The sucrose concentrations ranged from 1.6 M at the 
top of the gradient to 3.2 M at the bottom. 
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Fig. 2 Distribution of acid phosphatase and protein after 
subfractionation of Tetrahvmena particles by means of 
discontinuous density gradient centrifugation. Fraction 
one represents the lightest portion of the gradient and 

















Fig. 3 Distribution of succinate dehydrogenase and protein 
after subfractionation of Tetrahymena particles by means of 
discontinuous density gradient centrifugation. 
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FRACTION 
Fig. 4 Diagram of the separation of acid phosphatase by 
cellulose polyacetate electrophoresis in fractions obtained 
by differential centrifugation. Electrophoresis and staining 
procedures are described in the methods section. 
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Fig. 5 Separation of acid phosphatases by 
polyacrylamide-gel electrophoresis of fractions 
obtained from discontinuous density gradient 
centrifugation. Arrows denote bands of acid 
phosphatase in the first three fractions which 
were not visible photographically. 
Fig. 6A Diagram of the relative acid phosphatase and 
succinate dehydrogenase activity of fraction six after 
one cycle of hypotonic shock, relayering, and re-
centrifugation. 
Fig. 6B Diagram of the relative acid phosphatase and 
succinate dehydrogenase activity in fraction six after 
two cycles of hypotonic shock, relayering, and re-
centrifugation. 

Fig. 6C Diagram of the relative acid phosphatase and 
succinate dehydrogenase activity of fraction seven after 
ona cycle of hypotonic shock, relayering, and re-
centrifugation. 
Fig. 6D Diagram of the relative acid phosphatase and 
succinate dehydrogenase activity in fraction seven after 





















Fig. 7A Mitochondrial fraction (6) after one cycle of 
hypotonic shock, relayering, and recentrifugation. The 
faster moving band (middle of gels) is a photographic 
procedural artifact. Equal activities of acid phosphatase 
were spotted on each gel. 
Fig. 7B Mitochondrial fraction (6) after two cycles of 
ypotonic shock, relayering, and recentrifugation. The 
faster moving band (middle of gels) is a photographic 
procedural artifact. Equal activities of acid phosphatase 
were spotted on each gel. 
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Fig. 7C Mitochondrial fraction (7) after one cycle of 
hypotonic shock, relayering, and recentrifugation. The 
faster moving band (middle of gels) is a photographic 
procedural artifact. Equal activities of acid phosphatase 
were spotted on each gel. 
Fig. 7D Mitochondrial fraction (7) after two cycles of 
hypotonic shock, relayering, and recentrifugation. The 
faster moving band (middle of gels) is a photographic 
procedural artifact. Equal activities of acid phosphatase 
were spotted on each gel. 
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Fig. 8 Mitochondrial fraction (6) after one cycle 
of hypotonic shock, relayering, and recentrifuga-
tion. 
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1 2 3 4 5 6 
Fig. 9 Lysosome fraction (2) after one cycle of 
relayering and recentrifugation. The faster band 
in this picture probably represents a soluble acid 
phosphatase. 
Fig.  10 Influence of pH on act ivi ty of Tetrahymena acid 
phosphatase.  The curves represent  the effect  of  pH on the 
relat ive acid phosphatase act ivi ty in fract ions obtained 
by discontinuous densi ty gradient  centr ifugation.  Acid 
phosphatase act ivi ty was determined using p-nitrophenyl  
phosphate and the fol lowing buffers:  0.2 M glycine-HCl 
(pH 2.0-3.5) ,  acetate-acet ic  acid (pH 3.5-6.0) ,  cacodylate 
HC1 (pH 5.5-7.0) .  All  react ion mixtures were preincubated 












LOCALIZATION OF ACID PHOSPHATASE 
Acid Phosphatase Protein 
Sp, Act. R.S.A. Percent of Activity Percent per fraction 
Exp. 1 
H 7.8 1.00 
Pi 7.9 1.01 42.8 27.0 
P2 13.8 1.76 36.2 13.0 
S 1.9 0.24 21.1 
Percent recovery 100,1 
60.0 
Exp. 2 
11 9.5 1.00 
P1 10.0 1.05 59.0 38.1 
p2 19.3 2.04 22.0 7.3 
S 2.3 0.24 19.0 54.5 
Percent recovery 100.0 
The specific activity of acid phosphatase is in microraoles of p-nitro-
phenol released / hour / rag, protein. The relative specific activity 
(U.S.A.) refers to the specific activity of a given fraction as 
compared with that of the total homogenate (II), The percent of 
activity / fraction was calculated from the total activity recovered 
in the (Px) pellet, (P2) pellet, and the supernatant. The recovery 




ELECTROPHORETIC MOBILITY OF ACID PHOSPHATASE 

















































Fraction 1 represents the lightest fraction of the gradient whereas 
fraction 9 is the heaviest. + indicates that a particular band is 
visible in the gel after electrophoresis and reaction with substrate 
and coupling agent. 
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TABLE 3A 
ELECTROFHORETIC MOBILITY OF ACID ?HOS?>iATA5E 
Fraction No. 3 mm 7 mm 13 mm 
1 + + 
2 + + 
3 + + 
4 + + 
5 + + 
6 + + 
Fraction 6 (Fig. 3) after one cycle of hypotonic shock, relayeriog 
and recentrifugation. Fraction 1 represents the lightest fraction 
whereas fraction 6 is the heaviest. + indicates that a particular 
band is visible in the gel after electrophoresis and reaction with 
substrate and coupling agent. 
46 
TABLE 3B 
ELECTROFHORETIC MOBILITY OF ACID riiGSFHATASE 
Fraction No. 3 aim 7 mm 13 ram 
1 + + 
2 + + 








SLECTROPHGRETIC MOBILITY OF AGIO PHOSPHATASE 
Fraction No. 3 mm 7 mm 13 mm 
1 f + 
2 + + 
3 + + 
4 + + 
5 + + 
6 + + 




ELECTROFHORETIC MOBILITY OF ACID PHOSPHATASE 
Fraction No# 3 torn 7 ma 13 mm 
1 + + 
2 + + 








MICHAELIS CONSTANTS (Km) 
Fraction No. Experiment 1 Experiment 2 
1 1.00 1,20 
2 1.10 1,20 
3 1.25 1.30 
4 1.05 1.20 
5 1.05 1.20 
6 1.20 1.00 
7 1.20 1.30 
8 0.70 0.95 
S 1.00 1.00 
Michaelis constants were determined using p-nitrophenyl phosphate as 
substrate. Reactions were carried out at 29° in 0.2 M acetate buffer 
(pH 4.9). Fractions were obtained by discontinuous density gradient 


























































8 2  
<o a 
3 3  
H *J 
3 3 
o sO m ON O lO >n O o 
• • • • • • • • • 
H co cn CM CO H 7\ On 
ON ON ON OS ON ev X> Os 00 
o vO O kO © ON tO o r-4 
• • • • • • • • • 
CO r-4 CM sO vO H o o O 
CO CO CO 00 00 00 oo r-% 
o CM uo o vO o lO o CM 
• • • • • • • • • H O as CO o o CO 00 rH 00 00 00 00 CO r* 
O 00 O o o o m O 
• • • • • • • • • P«* m m as ON m r-4 m h* n* r* r* p> r** sO 
m o m ON 00 CM o o 
• • • • • • • • • r** H H CM 00 as 00 
CO Mf Mf v* <r CO 
in O CM m so <r 00 m o 
• • • • • • • • • 
m r>» m m SO st o 

























CO • a o 
33 
3  o  g* CM 


















































O o o O CA r- o o 
• • • • • • m • 
•f CJs as r» rH rH rH m 
CN CM rH rH 
O o o O O 00 CA O • • • • • • • • 
(A os o <r rH o •H CO 
rH rH rH 
o O O o rH oo O sO 
• • • • • m • • 
CO H* CA rH rH O rH SO 
CA CA rH H 
O O o O rH oo O oo 
• • • • • • » • 
rH CA o Os rH o rH <n 
Sf if rH rH 
o O O O CA o CM sO • • • • • • • • 
CM rH to Os rH rH CM rH 
(A «f rH CM 
O o o o lO CA CM O 
• • • • • • • • 
o m m 00 rH rH CM 00 
CA n rH rH CM 
O o O 00 O CA CM SO 
• • • • • • • • 
v© os •f Hf rH rH in in 
(A sO CM CA CM 
O o 
• • O O CA O o m 
m sO « • • • • • 
rH rH rH rH Hf CM OS c-
3 rH CA m -f 
o O O o r« O O 00 
• • • • • • • • 
•f m o CM CM CO SO CM 
CO os CA rf in 
V A rH 
Ml O a JS V 








U MM l*H o 
a 
V u rH 



















































































O O A Ml 
EM Ml 
a •H 
o 35 A 1 
EM CM 
"2 ® o 
U 31 H 
OS <4 
Mi to 
® T> ® 
J5 « 2 
CO •?} 
H M O  
a a> u « 
3 au 
S 8 « 
o a 
•5 3 ® CM -H O 
CO jB 
O J3 OS 
jS O 




a w ®  
a g n 
to j3 
W CM rH 
60 tO rH 
S j § «  
5 8 8 
j= a 





S . f  8  
8 
® O ̂  
Ml 
« J3 
B H U 
MI MI cs 
H CM Ml 
a « « 
» O -a 
a> K Ti 
(3d 8 rH 
52 
LITERATURE CITED 
1. Allen, S. L., M. S. Misch, and B. M. Morrison. 1963. Variations 
in the electrophoretically separated acid phosphatases of 
Tetrahymena. J_. Histochem. Cytochem. 11:706-719. 
2. Arstila, A. U., and B. F. Trurap. 1968. Studies on cellular 
autophagocytosis. Amer. J. Pathol. 53:687-711. 
3. Barka, T. 1960. The acid phosphatases of liver and RE-cells. J. 
Histochem. Cytochem. 8:320-321. 
4. Barka, T. 1961. Studies on acid phosphatase. I. Electrophoretic 
separation of acid phosphatases of rat liver on polyacrylamide 
gel. J_. Histochem. Cytochem. 9:543-547. 
5. Barka, T. 1961. Studies on acid phosphatase. II. Chromatographic 
separation of acid phosphatases of rat liver. J. Histochem. 
Cytochem. 9:564-571. 
6. Blum, J. J. 1965. Observations of the acid phosphatases of 
Euglena gracilis. J. Cell Biol. 24:223-224. 
7. Bodansk, A. 1933. Determination of serum phosphatase. J. Biol. 
Chem. 101:93-100. 
8. Brown, W. V., and E. M. Bertke. 1969. Textbook of Cytology. C. V. 
Mosby Co. Saint Louis. 
9. Conner, R. L., and L. A. MacDonald. 1964. The nature of the 
phosphatases associated with nucleotide metabolism in 
Tetrahymena pyriformis. J_. Cell and Comp. Physiol. 64:257-265. 
10. Davis, J. 1964. Disc electrophoresis. Ann. N. Y. Acad. Sci. 
121:404-427. 
11. Duve, C. de. 1963. "The Lysosome Concept." In Ciba Foundation 
Symposium on Lysosomes; de Reuck, A. V. S., and Cameron, M. P., 
Eds. Churchill, London. Little Brown and Co. Boston. 
12. Duve, C. de. 1965. The separation and characterization of 
subcellular particles. The Harvey Lectures. Academic Press. 
New York and London. 
13. Duve, C. de., J. Berthet, and H. Beaufay. 1959. Gradient 
centrifugation of cell particles. Theory and applications. 
Progr. Biophys. Biophys. Chem. 9:325-369. 
53 
54 
14. Duve, C. de., B. G. Pressman, R. Gianetto, R. Wattiaux, and 
F. Appelmans. 1955. Tissue fractionation studies. Intracellular 
distribution patterns of enzymes in rat liver tissue. Biochem. J. 
60:604-617. 
15. Duve, C. de., and R. Wattiaux. 1966. Functions of lysosomes. 
Ann. Rev. Physiol. 28:435-492. 
16. Elliott, A. M., and I. J. Bak. 1964. Fate of mitochondria during 
aging in Tetrahymena pyriformis. J_. Cell Biol. 20:113-129. 
17. Fenton, M. R., and K. E. Richardson. 1967. Isolation of three 
acid phosphatase isozymes from human erythrocytes. Arch. Biochem. 
Biophys. 120:332-337. 
18. Fiske, C. H., and Y. Subbarow. 1925. The colorimetric determina­
tion of phosphorus. J_. Biol. Chem. 66:375-400. 
19. Gelman procedures, techniques, and apparatus for electrophoresis. 
1966. Gelman Instrument Manual. Ann Arbor, Mich. 
20. Goodlad, G. A., and G. T. Mills. 1957. The acid phosphatases of 
rat liver. Biochem. £. 66:346-353. 
21. llerrs. H. G. 1963. Alpha-glucosidase deficiency in generalized 
glycogen-storage disease. Biochem. ,J. 86:11-12. 
22. Hofstein, V. B. 1961. Acid phosphatase and the growth of 
Escherica coli. Bioch .Vm. Biophys. Acta. 143:324-332. 
23. Holcomb, G. E., A. C. llildebrandt, and R. F. Evert. 1967. 
Staining and acid phosphatase reactions of sperosomes in plant 
tissue culture cells. Amer. J_. Bot. 54:1204-1209. 
24. Hopkinson, D. A., N. Spencer, and 11. Harris. 1963. Red cell acid 
phosphatase variants; a new human polymorphism. Nature. 199:969-
971. 
25. Klamer, B., and R. A. Fennell. 1963. Acid phosphatase activity 
during growth and synchronous division of Tetrahymena pyriformis. 
Exptl. Cell Res. 29:166-175. 
26. Lazarus, L. 11., and 0. Scherbaum. 1967. Isolation and specificity 
of the intracellular ribonuclease from Tetrahymena pyriformis. 
Biochim. Biophys. Acta. 142:368-384. 
27. Levy, M. R., and A. M. Elliott. 1968. Biochemical and ulta-
structural changes in Tetrahymena pyriformis during starvation. 
J. Protozool. 15:208-222. 
55 
28. Levy, M. R., c .  E. Gollon, and A. M. Elliott. 1969. Effects of 
hyperthermia on Tetrahymena pyriformis. Exptl. Cell Res. In 
press* ~ ——-
29. Levy, M. R,, and 0. Scherbaum. 1965. Glyconeogenesis in growing 
and non-growing cultures of Tetrahymena pyriformis. J. Gen. 
Microbiol. 38:221-230. -
30. Moore, B. W., and A. V. Angeletti. 1961. Chromatographic 
heterogeneity of some enzymes in normal tissues and tumors. 
Ann. £. jf. Acad. Sci. 94:659-667. 
31. Muller, M., P. Baudhuin, and C. de Duve. 1966. Lysosomes in 
Tetrahymena pyriformis. I. Some properties and lysosomal 
localization of acid hydrolases. J. Cell Physiol. 68:165-176. 
32. Muller, M., J. F. Hogg, and C. de Duve. 1968. Distribution of 
tricarboxylic acid cycle enzymes and glyoxylate cycle enzymes 
between mitochondria and peroxisomes in Tetrahymena pyriformis 
J. Biol. Chem. 243:5385-5395. " ' 
33. Rahman, Y. E., J. F. Howe, S. L. Nance, and J. F. Thompson. 1967. 
Zonal contrifugation of acid ribonuclease; implications for the 
heterogeneity of lysosomes. Biochim. Biophys. Acta. 146:486-492. 
34. Redfeam, E. R., and J. M. Dixon. 1961. Spectrophotometric 
methods for the determination of succinic-dehydrogenase and 
succinic-oxidase activities in mitochondrial preparations. 
Biochem. J. 81:19P-20P. 
35. Shibko, S., and A. L. Tappel. 1963. Acid phosphatase of the 
lysosomal and soluble fraction of rat liver. Biochim. Biophys 
Acta. 72:76-78. l~Z-' 
36. Sorokin, H. P. 1967. The sperosomes and the reserve fat in plant 
cells. Araer. J. Bot. 54:1008-1016. 
37. Suomalainen, H., L. Matti, and E. Oura. 1960. Changes in the 
phosphatase activity of Baker's yeast during growth phase and 
location of the phosphatases in the yeast cell. Biochim. Biophys 
Acta. 37:482-490. 1 * 
38. Van Lancker, J. L. 1964. Concluding remarks. Fed. Proc. 23:1050-
1052. 
39. Woodward, D. 0. 1968. Functional and organizational properties of 
Neprospora mitochondrial structural protein. Fed. Proc. 27:1167-
1173. 
Graduate School 
Southern Illinois University 
Name Alan L. Loeh Date of Birth Nov. 20, 1937 
Local Address 
Home Address 200 E. Macoupin St. Staunton, Illinois 
Universities Attended: Southern Illinois University from 1959 
to 1965. Received B.A. degree in Zoology. 
Thesis Title: The Intracellular Localization of Acid Phosphatase 
in Tetrahymena pyriformis. 
Adviser: Dr. Michael R. Levy 
